Mucopolysaccharidoses (MPSs) are inherited metabolic diseases caused by the deficiency of lysosomal enzymes needed to catabolize glycosaminoglycans (GAGs). Four therapeutic options are currently considered: enzyme replacement therapy, substrate reduction therapy, gene therapy, and hematopoietic stem cell transplantation. However, while some of them exhibit limited clinical efficacy and require high costs, others are still in development. Therefore, alternative treatments for MPSs need to be explored. Here we describe an innovative therapeutic approach based on the use of a recombinant protein that is able to bind the excess of extracellular accumulated heparan sulfate (HS). We demonstrate that this protein is able to reduce lysosomal defects in primary fibroblasts from MPS I and MPS IIIB patients. We also show that, by masking the excess of extracellular accumulated HS in MPS fibroblasts, fibroblast growth factor (FGF) signal transduction can be positively modulated. We, therefore, suggest the use of a competitive binding molecule for HS in MPSs as an alternative strategy to prevent the detrimental extracellular substrate storage.
INTRODUCTION
Mucopolysaccharidoses (MPSs) are lysosomal storage diseases (LSDs) caused by mutations in genes encoding for lysosomal enzymes involved in the degradation of glycosaminoglycans (GAGs). 1 The accumulation of undigested GAGs results in the loss of cellular functions, tissue damage, and organ dysfunctions accounting for MPS clinical manifestations that include brain abnormalities and mental retardation; skeletal, joint, airway, and cardiac defects; and hearing and vision impairment. Affected patients usually die in their second or third decade of life. Depending on the accumulated GAGs, MPSs are classified into seven types (I, II, III, IV, VI, VII, and IX) that are variable in their prevalence, clinical symptoms, and degree of severity. 2 Currently, therapeutic options for MPSs include enzyme replacement therapy (ERT), substrate reduction therapy (SRT), pharmacological chaperone therapy, gene therapy, and hematopoietic stem cells transplantation (HSCT). [3] [4] [5] [6] Most of these treatments, showing variable and limited efficacy, are not curative, but they only ameliorate the symptoms of the disease. Thus, despite the recent undeni-able advances in treatment outcomes for MPS diseases, many challenges still remain. Indeed, ERT, which is based on the administration of a recombinant enzyme replacing the deficient lysosomal one, is unable to correct the MPS-related neurological defects, due to the inability of recombinant enzymes to cross the blood-brain barrier. 7 Host immune responses as well as the failure to prevent neurological deterioration limit the utility of HSCT therapy for MPSs. 8, 9 Despite improvements, the use of viral vectors in gene therapy is still in development, and it is in clinical trial for some MPS subtypes. 6, [10] [11] [12] [13] [14] Due to the limits of these therapeutic strategies, research in progress is still focused on a better understanding of MPS physiopathology and development of more advanced therapeutic approaches.
Glycosaminoglycans are linear, negatively charged polysaccharides with molecular weights of about 10-100 kDa. There are two main types of GAGs: non-sulfated, which include hyaluronic acid (HA), and sulfated, which include chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), heparin, and heparan sulfate (HS). 15 With the exception of HA, all GAGs are covalently attached to a core protein, forming the so-called proteoglycans that are abundantly found at the cell surface and in the extracellular matrix. 16 In particular, HS proteoglycans (HSPGs), either associated with the plasma membrane or localized in the extracellular matrix, modulate the activity of growth factors (GFs), such as fibroblast GF (FGF), vascular endothelial GF (VEGF), hepatocyte GF (HGF), and platelet-derived GF (PDGF), allowing their presentation to the cognate receptors in a biologically favorable form. [17] [18] [19] [20] Another fundamental role of HSPGs is their contribution to the generation and long-range maintenance of morphogen gradients during embryogenesis, postnatal development, and regenerative processes. [21] [22] [23] [24] [25] Furthermore, HSPGs' interaction with adhesion molecules, receptor tyrosine kinases (RTKs), and Toll-like receptors accounts for their crucial role in regulating cell adhesion and migration, proliferation, innate immunity, angiogenesis, apoptosis, and autophagy. [15] [16] [17] [18] [19] [20] 26 Based on the functional relation between HSPGs and GFs, we developed an innovative approach for the treatment of MPS diseases, hereafter called substrate-masking technology, which uses a specific molecule with high binding affinity for the accumulated substrates (i.e., HS and/or DS). This technique enables us to restore the physiological equilibrium between morphogens or GFs, receptors, and HSPGs, allowing their proper interactions on the cell membrane and, in turn, activating downstream signaling. In particular, in this study we explored the potential therapeutic application of the hepatocyte GF/ scatter factor (HGF/SF) natural spliced variant NK1, 27 which binds HS and DS with the same high affinity. 28 We evaluated the capability of NK1 to reduce HS content and consequent lysosomal abnormalities in fibroblasts from MPS I and MPS IIIB patients. Furthermore, we analyzed whether NK1 is able to modulate FGF-signaling activity in MPS I and IIIB primary fibroblasts. Our results provide the basis for the development of a potential strategy to restore signaling pathways disrupted in MPS diseases.
RESULTS AND DISCUSSION

NK1 Treatment Reduces GAG Content in Fibroblasts from MPS Patients
The autosomal recessive disorder MPS IIIB, caused by mutations in the gene encoding for the a-N-acetylglucosaminidase (NAGLU) enzyme, is one of the four MPS III (Sanfilippo syndrome) subtypes that are caused by the deficiency of lysosomal enzymes exclusively involved in the degradation of HS. 1 Current treatments for MPS III patients are limited to the clinical management of neurological symptoms. 29, 30 The first step for testing the efficacy of the substrate-masking technology was to investigate the ability of NK1 to reduce the quantity of accumulated GAGs in vitro, by evaluating 3 H-glucosamine content into MPS IIIB primary fibroblasts. GAG chains are composed of disacchariderepeating units containing a uronic acid (D-glucuronic acid or L-iduronic acid) or a galactose and an amino sugar (D-galactosamine or D-glucosamine). While CS and DS contain galactosamine, heparin and HS contain glucosamine (GlcN), which is incorporated into GAGs after its conversion into glucosamine-6phosphate (GlcN-6-P), N-acetyl-glucosamine-6-P (GlcNAc-6-P), GlcNAc-1-P, and UDP-alpha-GlcNAc. 26 Since HS is the only GAG accumulated in the MPS IIIB, 3 H-glucosamine levels represent a measure of the content of this specific GAG in primary fibroblasts from affected patients. MPS IIIB fibroblasts, grown to 80% confluence in the presence of 3 H-glucosamine, were incubated with increasing concentrations of NK1 for 48 hr, and the incorporated radionuclides were measured. A statistically significant reduction of 3 H-glucosamine content was observed at all NK1 tested doses as compared to untreated MPS IIIB fibroblasts. The effect of NK1 resulted in being dose dependent; however, at the highest concentration of NK1 (10 À6 M), the reduction of 3 H-glucosamine content was up to 50% compared to untreated MPS IIIB fibroblasts ( Figure 1A ). At this concentration, NK1 neither interfered with cell growth and viability nor caused gross changes in cell morphology. Therefore, this dose was chosen for the time course study, in which 3 H-glucosamine content was measured over a time interval ranging from 24 to 48 hr. In this set of experiments, the effect of NK1 in reducing 3 H-glucosamine content into GAGs was already detectable after 24 hr, and it increased over time ( Figure 1B ). The major effects were detected at the dose of 10 À6 M of NK1 after 48-hr treatment of the MPS IIIB fibroblasts; thus, we selected this dose and incubation time for further experiments.
Since NK1 binds with the same affinity both HS and DS, 28 we also evaluated, by the 3 H-glucosamine assay, the ability of NK1 to reduce GAG content in primary fibroblasts from MPS I, II, IIIA, and IVA patients. The results obtained showed a significant reduction of 3 H-glucosamine content in NK1-treated fibroblasts from patients affected by MPS I, II, and IIIA ( Figure 1C ), where the accumulated products are, respectively, HS and DS for MPS I and II and HS for MPS IIIA. Conversely, NK1 treatment of fibroblasts from patients affected by MPS IVA, in which the accumulated substrates are KS and CS, did not show any effect ( Figure 1C ), consistent with the fact that NK1 does not bind KS and CS.
Furthermore, the effect of NK1 on GAG storage levels after 48 hr of treatment was also measured by the Alcian blue method. This is a quantitative dye-binding assay commonly used for the in vitro analysis of sulfated GAGs, 31, 32 based on the specific interaction between sulfated GAG polymers and the tetravalent cationic dye Alcian blue. The assay is performed at a low pH in order to neutralize all the carboxylic and phosphoric acid groups and at a high ionic strength to eliminate ionic interactions other than those between Alcian blue and sulfated GAGs. Indeed, hyaluronan, a non-sulfated GAG, does not react in this assay. As a result of our investigation, we found a significant decrease of GAG levels in MPS I and MPS IIIB fibroblasts treated with 10 À6 M NK1 for 48 hr as compared to untreated fibroblasts ( Figure 1D ).
Moreover, in order to evaluate if HS-binding proteins 33, 34 other than NK1 are able to reduce accumulated HS in MPS fibroblasts, we tested the capability of fibronectin to reduce GAG content in MPS IIIB fibroblasts. These cells, grown to 80% confluence in the presence of 3 H-glucosamine, were incubated for 48 hr with fibronectin at the same concentration of NK1, and the incorporated radionuclides were measured. The treatment with 10 À6 M fibronectin resulted in a significant increase of 3 H-glucosamine content into GAGs in MPS IIIB fibroblasts as compared to untreated fibroblasts ( Figure S1A ).
These results demonstrate the efficacy and specificity of NK1 treatment in reducing GAG storage in the MPS subtypes characterized by an abnormal accumulation of HS and/or DS.
Rescue of the Lysosomal Defects in NK1-Treated Fibroblasts from MPS I and MPS IIIB Patients
In MPSs, the abnormal accumulation of undigested HS into lysosomes results in the enlargement of these organelles that start to occupy almost the whole cytoplasm. 35 To test whether NK1 was also able to reduce the lysosomal defects in MPS diseases, we incubated MPS I and MPS IIIB fibroblasts with 10 À6 M NK1 for 48 hr, and we labeled lysosomes using LysoTraker. Quantitative confocal microscopy showed that the fluorescence intensity of the lysosomes was significantly reduced in NK1-treated fibroblasts compared to untreated ones (Figure 2A ). We also labeled treated and untreated fibroblasts from MPS I and IIIB patients with the specific lysosomal-associated membrane protein 1 (LAMP1) 36 in order to evaluate the reduction of the lysosomal storage. Figure 2B shows prominent LAMP1 staining in untreated MPS I and MPS IIIB fibroblasts; upon treatment with 10 À6 M NK1 for 48 hr, LAMP1 staining was significantly reduced. This observation was confirmed by western blotting analysis for LAMP1 in cell lysates from NK1-treated MPS I and MPS IIIB fibroblasts and untreated ones. Indeed, a reduction of LAMP1 protein levels was detected in both MPS I and MPS IIIB fibroblasts treated with NK1 as compared to untreated fibroblasts ( Figure S1B ).
Overall, these results demonstrate that cell treatment with NK1 results in a significant reduction of the lysosomal defects in MPS I and MPS IIIB fibroblasts.
Modulation of FGF Signaling by NK1 in MPS I and IIIB Fibroblasts
To verify whether NK1 was able to indirectly modulate FGF signaling by binding the extracellular HS, we performed a titration of the fibroblast GF receptor (FGFR) activation by stimulating starved MPS I and MPS IIIB fibroblasts with increasing doses of the human basic FGF (FGF2), both in the absence and in the presence of 10 À6 M NK1. In particular, since activation of FGFR induces a variety of intracellular signaling cascades, including the MAPK/ERK pathway, 37, 38 we evaluated by western blotting analysis the phosphorylation levels of ERK1/2 in untreated and NK1-treated fibroblasts from MPS I and III affected patients. The results obtained showed that FGF2 at the concentration of 10 À12 M (Figure 3 , lane 2, upper and lower blots) was unable to trigger ERK1/2 phosphorylation, whereas, in the presence of NK1, the same concentration of FGF2 promoted a significant phosphorylation of ERK1/2 (Figure 3 , lane 5, upper and lower blots). These data suggest that the substrate-masking action of NK1 prevents the trapping of FGF2 by the excess of extracellular HS, thus increasing its availability and making FGF2 able to activate the FGFR-signaling cascade.
On the other hand, a reduction of ERK1/2 phosphorylation levels was observed at higher FGF2 concentrations (10 À11 M and 10 À10 M) in the presence of NK1 (Figure 3 , lanes 6 and 7, upper and lower blots) as compared to un-pretreated cells (Figure 3 , lanes 3 and 4, upper and lower blots). Indeed, in this case, the substrate-masking activity of NK1 limits the availability of HSPG-binding sites for FGF2 with a consequent decrease of ERK1/2 phosphorylation. Thus, even if FGF2 concentration would increase, in the presence of 10 À6 M NK1, the effect on ERK1/2 phosphorylation will be always the same due to the same residual availability of HSPG. The administration of NK1 alone to the cells in the absence of FGF2 had no effect on ERK1/2 phosphorylation ( Figure 3 , lane 8, upper and lower blots), thus ruling out the potential ERK1/2 activation by NK1 itself. 39 Overall, these data show that NK1 treatment in MPS fibroblasts is able to modulate FGF2-signaling activity by masking the excess of accumulated extracellular HS (Figure 4 ).
Conclusions
Our study describes an innovative potential strategy to rescue cellsignaling pathway alterations that contribute to MPS pathology. 40, 41 This strategy is based on the high binding affinity of the HGF/SF spliced variant NK1 for HS, 28 whose accumulation in cells and tissues is the main cause of MPS disease. The mesenchymal factor HGF/SF provides growth, motility, and morphogenic stimuli to epithelial, endothelial, and neural cells via exclusive activation of the tyrosine kinase receptor MET. 42 Although the affinity of HGF/SF for MET is very high, 43 subsequent activation of the receptor leading to sustained and effective downstream signaling is highly dependent upon GAG co-factors. [44] [45] [46] [47] [48] HS, heparin, and DS, but not CS, interact with HGF/SF and function as co-factors for HGF/SF. [49] [50] [51] [52] [53] The major HS and heparin-binding site of HGF/SF resides in its N-terminal domain. 28 Indeed, a heparin tetradecasaccharide has been co-crystallized with the truncated NK1 splice variant of HGF/SF, which only comprises the N-terminal domain, N, and the first Kringle domain, K1. The crystal structure identified the major GAG contacts as being in the N domain, and some additional contacts are made with the K1 domain. 54 Here we demonstrate that NK1 is capable of reducing HS content in cultured fibroblasts from MPS-affected patients and, consequently, of reversing deregulated cellular processes, such as lysosomal defects. Furthermore, by this approach we have been able to support the previously recognized pathogenetic role of the extracellular accumulated substrate in MPS diseases. Indeed, it has been widely demonstrated that the accumulation of HS in MPS patients is not only restricted to the lysosome compartment but also the excess of HS is redistributed to different cellular (i.e., within the Golgi apparatus) and extracellular localizations. [55] [56] [57] [58] [59] In particular, a perturbation of the crucial HSPG-GF-receptor interactions may represent a general mechanism by which extracellular accumulated HS contributes to MPS pathogenesis. [60] [61] [62] Moreover, the excess of extracellular HS has been shown to impair FGF2 receptor binding and signaling in cells derived from MPS I patients 55 and to bind and sequester CXCL12-limiting hematopoietic migration in the murine model of MPS I. 56 Formation of the FGF2-FGFR-HSPG complex is necessary for mitogenesis and optimal biologic response to FGF2. [63] [64] [65] [66] Accordingly, in this study we show that, in MPS-cultured fibroblasts, the excess of extracellular HSPGs sequesters FGF2 and inactivates its action. Indeed, our findings demonstrate that, by masking the excess of extracellular accumulated HSPGs, we are able to restore the physiological GF activity (Figure 4 ). Furthermore, in various injury and disease models, HGF and NK1 promote cell survival and tissue regeneration. 67 Although further in vivo studies to address the effectiveness of NK1 are needed, we envisage that this strategy may be of potential application to manage cell-signaling alterations occurring in MPS diseases.
MATERIALS AND METHODS
Antibodies and Reagents
Mouse anti-LAMP1 monoclonal antibody (555798) was purchased from BD Biosciences; mouse anti-diphosphorylated ERK1/2 monoclonal antibody (M8159) was from Sigma-Aldrich; rabbit anti-ERK1/2 polyclonal antibody (V114A) was from Promega; mouse anti-b-actin monoclonal antibody (G043) was from Abm; mouse anti-g-tubulin antibody (T6557) was from Sigma-Aldrich; goat anti-mouse IgG polyclonal antibody conjugated to horseradish peroxidase (HRP) (sc-2031) and goat anti-rabbit IgG-HRP polyclonal antibody (sc-3837) were from Santa Cruz Biotechnology; goat antimouse IgG-TRITC antibody (T5393) was from Sigma-Aldrich; BSA (A7906) was from Sigma-Aldrich; SDS-PAGE reagents were from Bio-Rad; fetal bovine serum (FBS) was from Gibco; LysoTracker (L7528) was from Thermo Fisher Scientific; fibronectin (F2006) was from Sigma-Aldrich; FGF2 was from PeproTech; and Alcian blue dye (74240) was from EuroDiagnostica. The recombinant NK1 fragment of HGF was produced using yeast Pichia pastoris expression system and purified with heparin affinity chromatography as previously described. 39 
Cell Cultures
Fibroblasts from MPS-affected patients were kindly provided by the Cell Line and DNA Biobank from Patients Affected by Genetic Diseases (Istituto G. Gaslini, Genoa, Italy). 68 Fibroblasts were cultured in DMEM, supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin, at 37 C in a humidified 5% CO 2 atmosphere.
Measurement of Radioactive Glucosamine Content into GAG Chains
MPS fibroblasts were grown in normal medium supplemented with 7 mCi/mL 3 H-glucosamine (PerkinElmer) up to 80% confluence. The radioactive medium was removed, and cells were incubated for 24, 36, and 48 hr in normal medium containing 2% FBS and 0, 5 Â 10 À8 , 10 À7 , 5 Â 10 À7 , 10 À6 M NK1. Cells were washed with PBS before harvesting, suspended in water, and lysed using freezethaw cycles. An aliquot of cell lysate was taken out for the determination of protein concentration using the Lowry method. 69 Lipids were extracted by the addition of chloroform and methanol (chloroformmethanol-water 4:8:3, v/v/v). After 10-min of incubation at room temperature, extracts were recovered by centrifugation (10,000 Â g for 10 min), washed with acetone, dried, and subjected to proteolysis overnight at 65 C with 1 mg/mL papain in 100 mM sodium acetate buffer containing 5 mM EDTA and 5 mM cysteine (pH 5.5). The content of 3 H-glucosamine was measured by liquid scintillation counting and normalized against protein concentration.
Assessment of GAG Levels
Accumulation of GAGs was estimated with Alcian blue reagent using sulfated GAG quantitative kit Wieslab. 31 This method is used to detect sulfated GAG in biological samples, tissue, and cells extracts. The Alcian blue reagent in Wieslab's sulfated GAG assay has been carefully selected and optimized for this particular use. There is no interference from proteins or nucleic acids in this method, in contrast to the dimethylmethylene blue (DMMB) method or other dye-binding methods. 32 In brief, cells were plated in a number of 1.5 Â 10 5 per well in 6-well plates and incubated overnight to allow the attachment. Next, cells were supplemented with normal medium containing 2% FBS and 10 À6 M NK1 or PBS. After 48 hr of incubation, harvested cells were digested overnight at 65 C with 1 mg/mL papain in 100 mM sodium acetate buffer containing 5 mM EDTA and 5 mM cysteine (pH 5.5). GAG content and protein concentration were estimated, respectively, with Alcian blue and Lowry method according to the manufacturer's protocols. 32, 69 GAG content was expressed per protein amount (mg/mg of protein) and normalized with respect to untreated fibroblasts.
Fluorescence Microscopy
LysoTracker was used to label lysosomes. 70 Briefly, untreated and treated fibroblasts with 10 À6 M NK1 for 48 hr, grown on a coverslip, were incubated with LysoTracker probe for 1 hr at 37 C, then washed with PBS, and fixed with 4% paraformaldehyde (PFA) solution in PBS. After washing with PBS, the coverslips were mounted with 1:1 PBS:glycerol solution and then observed under a confocal fluorescence microscope.
For LAMP1 fluorescent staining, untreated and treated fibroblasts with 10 À6 M NK1 for 48 hr, grown on a coverslip, were washed with PBS, fixed with 4% PFA, and quenched with 50 mM NH 4 Cl. Then, cells were permeabilized with 0.2% Triton X-100 for 5 min and blocked for 30 min in PBS containing 10% FBS and 1% BSA. Fibroblasts were then incubated for 1 hr with anti-LAMP1 primary antibody that was detected with an anti-mouse IgG-TRITC secondary antibody. After washing with PBS, the coverslips were mounted with 1:1 PBS:glycerol solution and then observed under a confocal fluorescence microscope.
Images were collected using a laser-scanning confocal microscope (LSM 510; Carl Zeiss Microimaging) equipped with a planapo 63Â 75 ) The rationale for the substrate-masking technology is based on the evidence that the equilibrium between HSPGs, morphogens or growth factors, and receptors accounts for the physiological receptor-signaling activation. On the contrary, when HSPG levels on cell membrane are accumulated, signaling receptor activation is diminished due to the increased binding activity of the morphogens or growth factors to the additional GAG chains, thus leading to MPS pathology. A recombinant protein with a high binding affinity for HS and DS saturating the excess of extracellular GAGs may restore the physiological equilibrium between HSPGs, morphogens or growth factors, and receptors and the subsequent signaling.
oil immersion (numerical aperture [NA] 1.4) objective lens by using the appropriate laser lines. Images were acquired with the confocal pinhole set to one Airy unit, taking Z-slices from the top to the bottom of the cell by using the same setting (laser power, detector gain), as well as the same threshold of fluorescence intensity in all experimental conditions (untreated and NK1-treated fibroblasts). Quantification analyses were carried out using LSM 510 software. In particular, the mean fluorescence intensities were measured by drawing regions of interest (ROIs) around the entire cell and corrected for background in random chosen area.
Western Blotting
Protein extraction from cell lysates and immunoblot were performed as previously described. 71, 72 Briefly, fibroblasts were harvested in lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM b-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail tablet, 1 mM sodium orthovanadate, and 2.5 mM sodium pyrophosphate), incubated for 30 min on ice, and supernatants were collected and centrifuged for 10 min at 14,000 Â g. Protein concentration was estimated by Bradford assay, and 50 mg/lane total proteins was separated on SDS gels and transferred to nitrocellulose membranes. 73 Membranes were treated with a blocking buffer (25 mM Tris [pH 7.4], 200 mM NaCl, and 0.5% Triton X-100) containing 5% non-fat powdered milk for 1 hr at room temperature. 74 Incubation with the primary antibody was carried out overnight at 4 C. After serial washings, membranes were incubated with the HRP-conjugated secondary antibody for 1 hr at room temperature. Following further washings of the membranes, chemiluminescence was generated by enhanced chemiluminescence (ECL) system.
Statistical Analysis
Data reported are expressed as the mean ± SD of at least three separate experiments. Statistical significance was determined by Student's t test. The value of p < 0.05 was considered to be statistically significant.
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